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ABSTRACT

Using scRNA-seq coupled with computational approaches, we
studied transcriptional changes in cell states of sea urchin embryos
during development to the larval stage. Eighteen closely spaced time
points were taken during the first 24 h of development of Lytechinus
variegatus (Lv). Developmental trajectories were constructed using
Waddington-OT, a computational approach to ‘stitch’ together
developmental time points. Skeletogenic and primordial germ cell
trajectories diverged early in cleavage. Ectodermal progenitors were
distinct from other lineages by the 6th cleavage, although a small
percentage of ectoderm cells briefly co-expressed endoderm
markers that indicated an early ecto-endoderm cell state, likely in
cells originating from the equatorial region of the egg. Endomesoderm
cells also originated at the 6th cleavage and this state persisted for
more than two cleavages, then diverged into distinct endoderm and
mesoderm fates asynchronously, with some cells retaining an
intermediate specification status until gastrulation. Seventy-nine out
of 80 genes (99%) examined, and included in published
developmental gene regulatory networks (dGRNSs), are present in
the Lv-scRNA-seq dataset and are expressed in the correct lineages
in which the dGRN circuits operate.

KEY WORDS: Sea urchin embryo, scRNA-seq, Gene regulatory
networks, Cell lineage

INTRODUCTION
Molecular specification of each cell lineage occurs during early
development. The means by which these lineages diverge varies and
it is of value to learn cell properties at the time cell fates separate.
Emerging technologies provide increased leverage to follow a
developmental sequence and to explore the complex nature of cell
diversification. High-throughput single-cell RNA sequencing
(scRNA-seq) is one such approach. When combined with
analytical approaches to infer developmental trajectories in mouse
and zebrafish embryos (Farrell et al., 2018; Schiebinger et al., 2019),
scRNA-seq was shown to reveal new details about embryonic cell
types and their developmental trajectories. Because of its potential,
use of this technology has rapidly expanded and is being applied to a
growing number of embryos, tissues and disease states (Tintori
et al., 2016; Cao et al., 2017; Karaiskos et al., 2017; Fincher et al.,
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2018; Han etal.,2018; Plass et al., 2018; Wagner et al., 2018; Foster
et al., 2020). Owing to the destruction of the cell during scRNA-seq
protocols, it is only possible to gain a snapshot of the cell’s
transcriptome. To measure temporal changes during development
with scRNA-seq, a compromise solution is to capture cells at a
series of time points that are relatively close together, then
computationally stitch them together to infer a continuous
sequence. The spacing of the time points must be sufficiently
close for the temporal trajectory to be followed. If those conditions
are satisfied, scRNA-seq enables the reconstruction of an atlas of
transient cell states over time.

At a systems level, developmental gene regulatory networks
(dGRNSs) of transcription factors plus signaling inputs provide the
necessary programming that directs cells toward their fates. Circuit
motifs (feedback, feed forward, etc.) (Yeger-Lotem et al., 2004),
confer a number of properties to dGRNSs, including stability
(Brandman and Meyer, 2008). Changes in these transcriptional and
signaling circuits are hypothesized to be drivers of evolutionary
diversification (Hinman et al., 2003; Hinman and Davidson, 2007,
Erwin and Davidson, 2009; Erkenbrack and Davidson, 2015; Israel
et al., 2016; Cary et al., 2020). The challenge is to find ways to
explore the properties of dGRNs, including how they diverge to
produce a chain of sublineages with new subcircuits and different
functions.

To begin using scRNA-seq for inference into regulatory
properties, a number of steps must be followed. The depth of
sequencing must be sufficient to detect expression of the
transcription factors and signals that constitute the dGRNs. To
explore the properties of dGRNs we chose to analyze the sea urchin
dGRN. Over the past two decades, a number of investigators have
contributed to the assembly of a dGRN from fertilization to
gastrulation in Strongycentrotus purpuratus (Sp) (Davidson et al.,
2002; Cole et al., 2009; Ben-Tabou de-Leon et al., 2013; Andrikou
et al., 2015; Peter and Davidson, 2015; McClay et al., 2020).
Perturbation of the same transcription factors and signals have also
been conducted on other species, especially on Lytechinus
variegatus (Lv) and Paracentrotus lividus (Pl) (Logan et al.,
1999; Sherwood and McClay, 1999; Angerer et al., 2000; Gross and
McClay, 2001; Duboc et al., 2004, 2005; Oliveri et al., 2006;
Rottinger et al., 2008; Saudemont et al., 2010; Croce and McClay,
2010; Mclntyre et al., 2013; Saunders and McClay, 2014; Malik
et al., 2017, Martik and McClay, 2017). Remarkably, the
experimental evidence indicates that the dGRNs driving
specification in those species are highly conserved despite a
separation of up to 50 million years from a common ancestor.
Recently, scRNA-seq was used to compile the first atlas of
development for Sp (Foster et al., 2019), and that approach was
further used to explore the development of pigment cells in Sp
(Perillo et al., 2020). In those studies, selected dGRN genes were
present and expressed in clusters associated with several lineages.
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That study also detected primordial germ cells (PGCs), which
attested to the sensitivity of the approach. Given the extensive
knowledge of dGRNS in the sea urchin embryo, our first goal was to
determine the extent to which most known molecules in sea urchin
dGRNs were ‘visible’ to scRNA-seq inquiries. We found that 99%
of the molecules examined in the sea urchin dGRN models are
present in our scRNA-seq database. Importantly, the signals and
transcription factors that constitute those dGRNs are present both in
the lineages expected and at the times the dGRN models indicate
that their presence is required.

A recently developed computational tool, ‘Waddington-OT’
(Schiebinger et al., 2019), was adapted to explore cell trajectories.
Novel methods were developed to use barycentric coordinates and
illustrate developmental trajectories and dGRN changes over time.
These provided an opportunity to examine the timing of divergence
and novel properties of that diversification. The known existence of
a seminal asymmetry event in separation of micromere/PMCs from
other cell types is seen in the dataset. Other lineage separations,
however, are gradual, implying a more-complex series of events
necessary to resolve a cell type, and an ectoderm-endoderm state is
observed in some cells, likely near the equator, before their lineage
separation. A number of ‘signature’ genes representing known
lineages were used for comparisons of synchronous versus
asynchronous divergence of lineage trajectories. While PGCs,
skeletogenic cells and some ectoderm become distinct early in
cleavage, other cells retain an ecto-endoderm and endomesoderm
status until daughter cells diverge into the distinct differentiated
fates later and asynchronously.
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RESULTS

Atlas of sea urchin development from fertilization to

larval stage

Development of Ly from fertilization to larva occurs in 24 h at 23°C.
To obtain an atlas of lineage trajectories over this time frame, we
collected embryos at 18 time points initially at hourly intervals and
then during later stages at 2- to 4-h intervals. Embryos were
dissociated and processed using the 10x Genomics system as adapted
to the sea urchin embryo (Perillo et al., 2020; Massri et al., 2021).

Reads were mapped to the Lv3.0 genome (Davidson et al., 2020),
and low-quality cells filtered out (see Materials and Methods). In
total, 50,935 cells remained and were used for the analysis. Fig. 1
shows the requisite overview UMAP visualizations of these 50,935
cells. Graph-based louvain clustering, implemented in Seurat, was
used to obtain 63 distinct clusters of cells, and these were annotated
using dGRN marker genes (Davidson et al., 2002; Peter and
Davidson, 2015; McClay et al., 2020) to provide a preliminary
identification of the clusters. Fig. SIA shows the major germ layers,
Fig. S1B shows the 63 clusters and Fig. SIC-E shows dotplots of
genes used to identify each of the endoderm, mesoderm and
ectoderm clusters. The dynamics of the temporal progression of
stages is shown in Movie 1.

The structure of the UMAP recapitulates the basic events of sea
urchin development. It has long been established that the
skeletogenic or primary mesenchyme cells (PMCs), and
primordial germ cells (PGCs) become distinct from the other
lineages as early as the 4th and Sth cleavages by two successive
unequal cleavages (McClay, 2011). The UMAP displays that
separation, and provides a continuous track of PMC and PGC
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Fig. 1. Temporal trajectory of scRNA-seq profiles during development of the sea urchin Lytechinus variagatus. (A) A timeline of development over 24 h,
with representative stages of development illustrated. Colors represent lineages as in B. (B) UMAP plot mapped according to lineage domains. Sixty-three
clusters were identified and grouped into 16 domains representing the lineages present at 24 hpf. (C) The UMAP plot colored according to time of development
showing the position of the 18 time points collected during the first 24 h post-fertilization (hpf). PGC, primordial germ cells; CP, coelomic pouch; PMC, primary
mesenchyme cell (also called skeletogenic cells); NSM, non-skeletogenic mesenchyme; Pigment, pigment cells; Blasto, blastocoelar cells; Endomeso,
endomesoderm; Endo, endoderm; Ecto, ectoderm; Border, ectoderm at the border between ectoderm and endoderm; OR, oral; CB, ciliary band; APD, animal

pole domain; AB, aboral.
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trajectories as they are specified over time. The endomesoderm later
splits into endoderm and mesoderm, and is reflected in the UMAP
plot because, at 5h post-fertilization (hpf; blastula stage), the
endomesoderm is one cluster, indicating that the cells still have not
yet diversified. By 7-8 hpf (hatched blastula) the endoderm and
mesoderm cells have begun to separate, and later each further
subdivides as diversification within the germ layers occurs.
Meanwhile, specification of the ectoderm leads to regional
anterior-posterior, dorsal-ventral and right-left differences in this
lineage (Fig. 1B; Fig. S1). In each case, the diversification and
timing fits with known results from earlier embryonic lineage
analyses (Cameron et al., 1987; Logan and McClay, 1997, 1999;
Martik and McClay, 2017; McClay et al., 2020).

The lineage analyses observed that a stereotypic cleavage
sequence operates through the 8th cleavage (hatched blastula),
and further observed later lineage doublings during gastrulation (10-
16 hpf) (Table S1). These approximations of cell lineage numbers
provided the necessary information to determine whether the
pipeline from embryo to sequencing output introduced any bias in
the relative abundance of cells of each linecage. Based on those
analyses, the distribution of cells allocated to ectoderm, mesoderm,
endoderm, primary mesenchyme cells (PMCs) and primordial germ
cells (PGCs) were not biased by over- or under-selection once the
lineages could be identified by genes expressed at 5-6 hpf (Fig. S2).
Before 5 h, the prevalence of maternal transcripts distributed to all
cells dominated and prevented lineages from being separately
distinguished. At the 5 hpf time point, enough lineage markers had
emerged to provide an imperfect approximation of lineages, and
from 6 hpf until the larval stage, the number of cells for each major
lineage closely matched the approximate cells expected based on
the earlier lineage analyses.

Even relatively rare cell populations were detected. PMCs never
constitute more than 4-5% of the cells, but a continuous track of that
lineage is present. Four PGCs arise at Sth cleavage, later divide once
and at gastrulation migrate to the coelomic pouches without
dividing further (Voronina et al., 2008; Campanale et al., 2014,
Martik and McClay, 2015). Despite contributing a maximum of
eight cells per embryo, PGCs were present at each time point,
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providing a continuous record of that lineage (Fig. 1; Fig. S1). Only
four or five serotonergic neurons are present in larvae at 24 hpf
(Slota and McClay, 2018). Again, that rare cell type was detected
(Fig. S1), giving us confidence that our developmental
reconstruction reflected a detailed and accurate representation of
the transcriptional history of each lineage over the first 24 h of
development.

Detection of molecules contributing to developmental gene
regulatory networks

The scRNA-seq analysis faithfully reflected expression of known
transcription factors in the networks of each lineage. We analyzed
the expression of 80 genes that included the major transcription
factors and signals plus 13 effector genes specific to several lineages
from the published dGRN models. All but one gene in the dGRN
models are detected in the relevant lineages, indicating that the
scRNA-seq database provides information on 99% of the known
dGRN genes [the missing gene is twist, a short gene (603 bp)
expressed at very low levels (<21 copies per expressing cell) and not
included in the Sp dGRN]. dGRN genes used as signatures for the
germ layers are plotted in a quantitative dotplot shown in Fig. 2.
Other dGRN genes and tissue-specific marker genes are plotted in
Fig. SIC-E to reflect the genes used to identify the 63 selected
clusters. dGRN genes are also individually displayed on the UMAP
in Fig. S3A,B. As expected, transcription factors known to be
expressed at low levels were detected in fewer cells of a cell type
than genes expressed at higher levels in that same cell type. The
scRNA-seq database has the sensitivity to examine the spatial and
temporal patterns of expression of the vast majority of transcription
factors and genes used in specification of embryonic cells,
including, we suspect, transcription factors that contribute but are
not yet included in the dGRNs.

Inferring developmental trajectories with Waddington-OT

We next applied Waddington-OT methods to connect the ScCRNA-
seq data from different time points and infer developmental
trajectories (Schiebinger et al., 2019). Optimal transport connects
cells sampled at one time point to their putative descendants at the
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Fig. 2. Dotplot of genes expressed in the sea urchin (dGRN). Fifty-two of the more than 80 genes expressed in the dGRN models (Ben-Tabou de-Leon et al.,
2013; Li et al., 2013; Peter and Davidson, 2015) were plotted according to expression in the clusters listed on the y axis. Each dot shows the relative level of

expression in each cluster as well as the percentage of cells in each cluster that express that gene. Boxes surround the clusters assigned to PGC, PMC, NSM,
endoderm and ectoderm. Genes expressed outside the boxes are expressed in more than one lineage, sometimes at the same time and in other cases at different

times.
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next time point in a way that minimizes differences in expression
over all genes. The algorithm requires as input an estimate of the
proliferative ability of each cell, which it uses to allocate each cell a
specific number of descendants. Based on the concordance between
observed and expected change in abundance of each of the five
primary lineages (Fig. S2), cell proliferation rates were assigned,
and Waddington-OT run with the default parameter values (see the
Materials and Methods for details). The resulting output is a time-
course of transport matrices connecting each pair of time points.
These matrices have a row for each early cell and a column for each
late cell, and the 1,j entry is interpreted as the number of descendants
cell i would have of type j at the later time point.

The quality of inferred trajectories was tested by demonstrating
that we could interpolate the distribution of cells at held-out time
points, as described by Schiebinger et al. (2019). It established that
our temporal resolution was sufficient to accurately stitch together
cells from adjacent time points (Fig. S4A). In other tests, this result
was robust to down-sampling cells or reads, to moderate changes in
parameter values away from the default settings, or to moderate
perturbations in division rates (Fig. S4B-F).

Visualizing lineage diversifications

The transport matrices allowed us to directly compute, for any cell
from an early time point, the proportion of descendants that reach
various fates at later time points. We developed a simple way to
visualize these ‘fate probabilities’ for triples (or quadruples) of

A time points

lineages in a triangular (or tetrahedral) plot (Fig. 3; Movie 1). The
visualization employs barycentric coordinates to represent k-
dimensional probability vectors in k-1 dimensional space. For
example, suppose we wish to visualize the cells from 8 hpf (hatched
blastula) according to their probability of giving rise to an
ectodermal, endodermal or ‘Other’ descendants at 20 hpf (prism
stage). We identify a vertex of the triangle for each of these possible
fates, and position the cells according to their relative probabilities.
Cells that have perfectly arrived at a single fate (as defined by all
genes expressed by a cell type at 24 hpf), are positioned exactly at
the corresponding vertex, while cells with as yet indeterminate fates
are positioned in the interior of the triangle. Cells in the very center
of'the triangle are equally likely to choose any of the three fates, and
cells along an edge have zero chance of reaching the opposite
vertex. Fig. 3 illustrates examples of how selected pairs of lineages
diverge in Lv over time. Movie 1 shows a tetrahedron visualization
of the divergence of four fates simultaneously, in parallel with the
progression of those same cells along the UMAP over time.

Embryonic lineages diversify in different ways, as seen using
the transport matrices

We focused on analysis of five primary lineage diversifications
[PGC, PMC, ectoderm, endoderm and non-skeletal mesoderm
(NSM)] (Fig. 3), although a number of additional subdivisions can
be detected both in the UMAP (Fig. 1) and in the 63 clusters
(Fig. S1). A singular asymmetric event driving a lineage separation
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Fig. 3. Diversification of cell lineages. (A) Timeline represented by the plots with dots to indicate the times shown. (B) UMAPs at those four time points showing
presumptive ectoderm (blue), endoderm (yellow), NSM (orange) and PMCs (red). (C,D) The Waddington-OT optimal transport method-computed lineages
graphically displayed using barycentric coordinates (Schiebinger et al., 2019). Triangle plots show progression of lineages at different time points, with (C) vertices
designated endoderm, PMC and ‘other’ to represent all other lineages; and (D) vertices designated endoderm, NSM and ‘other’ to represent all other lineages.
The colored cells in the triangle plots are those cells with at least a 50% probability of becoming one of the lineages represented by 20 hpf. Cells that have not
reached a 50% probability towards any of those fates are colored gray. Cells located next to a side of the triangle have low to no chance of reaching the opposite
vertex. Cells in the exact middle of the triangle have an equal chance of becoming a cell of any type. In C, pre-PMCs locate to the PMC side of the triangle from the
earliest time point onwards. In D, many future NSM or endoderm cells remain intermediate with an apparent extended delay in reaching their final fates.
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is the simplest kind of lineage divergence. In sea urchin, an example
of this type occurs at fourth and fifth cleavage at the vegetal pole
when skeletogenic cells diverge from the fates of other cells. The
skeletogenic cells activate pmarl, a repressor that represses a
repressor, hesC (Revilla-i-Domingo et al., 2007). All other lineages
in the embryo fail to activate pmarl. Consequently, hesC is
activated in all non-skeletogenic cells, resulting in repression of the
skeletogenic fate in all other lineages. Fig. 3C shows the
consequence of that diversification. By 6 hpf, cells destined to
become PMCs (labeled red) are located along one edge of the
triangle, the edge leading to the PMC or ‘other’ fate, indicating they
have essentially a 0% probability of becoming endoderm. Those
cells continue to remain near the PMC edge of the triangle until the
PMC vertex is reached at 20 hpf, indicating that from very early on
the future PMCs have a 100% probability of being directed toward
the PMC fate. Notice also that almost all other cells locate along the
opposite side of the triangle from the earliest time point, indicating
that they have essentially a 0% chance of becoming PMCs. Fig. 3D,
by contrast, shows the separation of endoderm and mesoderm from
endomesoderm. That separation is far more delayed with a number
of cells in the middle of the triangle between the endoderm or
mesoderm vertices at 12 hpf (late mesenchyme blastula-early
gastrula stage). Those cells move across the triangle over time,
indicating that specification occurs, but they remain distant from
either vertex. By 20 and 24 hpf, all endoderm and mesoderm cells
are located at their respective vertices (Movie 1), but compared with
the early movement of PMC precursors toward their final fate, the
endomesoderm fate decision is non-uniform temporally, and often

quite late, even though the cells are continually specified (the wave
progression). Furthermore, the broad distribution of cells in the
wave between the two final fate points suggests that the
specification is variable in many cells for an extended time before
they reach a committed state.

Some cells exhibit synchronous diversification towards their
final fate

The transcriptomes of cells depicted as gray in Fig. 3C,D are cells
that have not reached 50% probability of becoming one of the final
cell types based on the genes expressed by that cell relative to genes
expressed in a lineage at the 20 and 24 hpf time points. In Fig. 3C,
gray cells are found along the side adjacent to cells colored red based
on their transcriptomes, which indicate better than 50% probability
of becoming PMCs. The gray cells along that side could become
either PMCs or NSM (the two vertices on that side). The graphic
indicates that, at 12 hpf, a few gray cells continue to be next to the
red probable PMCs. This was puzzling because GRN models of
PMCs indicate that all pre-PMCs are segregated at the 4th and Sth
cleavage so we wondered why there was a difference in the optimal
transit profiles. Collections of cell type/lineage-specific genes, or
‘signature’ genes, were used to examine the transcriptomes of the
gray and red cells near the PMC side of the triangle. When randomly
picked cells were tested for signature genes of both PMCs and NSM,
the cells sampled expressed only PMC markers (Fig. 4, top),
indicating that they too were pre-PMCs. We wondered why the
transcriptomes of the lagging gray cells were not red (>50%
probable PMCs based on genes expressed relative to cells at

Endo
Signature genes
Al Alx1, L1
Mesoderm PMC Msp130 Msp130
Msp130 i Sm50
Gem Alx1 . Sm50 > Snail, Thr ‘
Prox Msp130 =" Tor e Es1f2 e FoN2/3
GataC SM30 Ets1/2 Tgif
Scl SM50 FoxN2/3
-~ PMC | gy L1 Msp130 Alx1,
° Ese Snail P Tbr
3 ° 2 | Sm30 Msp130
i s Pks1 Tbr o Msp130 Sm30
B WS Irf4 Ets1/2 > Tor .~ Sm30 > -
S - FoxN2/3 @ Ets1/2 L e SmS0, L1 e
a FoxN2/3 .
& Tbx2/3 FoxN2,3
" Other
Endo Hox11/13b Gem Hox11/13b Gem Hox11/13b Prox1
Signature genes Blimp1 : Erg Wnt16 Erg Wnt16 i GataC
g 8 wnt16 GataC Gatae Prox1 Delta
Gatae GataC Ese
Endoderm Mesoderm Wntl Wntl el
Eve Gem elta
Hox11/13B Tgif Frg
FoxA Erg Hox11/13b iy Erg Hox11/13b Erg Hox11/13b Proxl
Bra Tel FoxA Proxl || Blimp1 GataC || Blimpl GataC
Hnfl Prox Blimp1 Sdl Wnt16 Delta Wntl6 Delta
Blimp1b Gatac | | Gatae EDe ta Gatae Ese whnt1 Ese
Wnt16 Scl e Wntl Pks1 Pksl
Endol6 Runt
Gatae Delta Gem
Wntl Ese Erg
Hh Pks1 Froxd
GataC
Scl
Delta

Fig. 4. Signature plots of PMC versus endoderm-NSM specification trajectories. These triangles show the 12 hpf plots from Fig. 3C,D. The colors reflect
known signature genes of the four major lineages. Cells that express a mix of lineage signature genes are colored blue-green, green and yellow, with yellow being
cells with a 1:1 ratio of signature gene expression. The pink cells are individual cells with the signature genes shown in the boxes to the right. (Top) Cells at 12 hpf
located next to the side between PMCs and ‘other’ (NSM and ectoderm) examined for expression of NSM versus PMC signature genes (they locate to this side
because they do not express any endoderm signature genes). Each of the six cells express only PMC signature genes. (Bottom) Cells at 12 hpf examining

endoderm versus NSM genes between the endoderm and NSM vertices. Six of the intermediate cells express signature genes of both fates, while the one closest

to the NSM expresses only NSM signature genes.
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20 hpf). We first asked whether perhaps those gray cells contained a
smaller number of genes reported in their transcriptomes. That was
ruled out as the cells sampled had, on average, as many genes
sequenced as the red cells. We then turned to the literature, in which
a large number of PMC genes were identified (Rafiq et al., 2014).
That work showed that some PMC genes are expressed later than
others in the process of skeletogenesis. We chose nine of those later-
expressed genes based on their expression in only a subset of the
PMCs, as seen with in situ hybridization (nk7, mmp16, mtmmpd,
cbpdEL, clect, cp, Gabrb3 L, Fam20c and npnt) (Rafiq et al., 2014).

When those genes were used as signature genes, the red PMCs
expressed most of them while the gray cells along the PMC-edge
expressed fewer of them. This suggested a possible explanation for
the red versus gray designation. At 12 hpf, skeletogenesis is just
beginning and only eight of the 64 PMCs are involved in producing
the earliest triradiate spicules. As the skeleton grows, other PMCs
become involved. Thus, we suspect that the gray cells express fewer
mature PMC genes at these times because they have not yet begun
participating in spicule growth.

We then approached this question of committed red cells versus
gray cells in a different way and asked how many signature gene pairs
were co-expressed among all cells in the database. At fifth cleavage,
only micromeres express alx/ as a signature gene (Ettensohn et al.,
2003; Oliveri et al., 2008), and pks2 was identified in this analysis as
an early expressed effector gene in only PMCs. When micromeres
segregate from other lineages, cells of that lineage (pre-PMCs)
should express PMC signature genes only, and no signature genes
from other lineages from that point onward. Fig. SA shows expression
of Alx1 and pks2 in cells beginning at 5 hpf. No signature gene of any
other lineage is co-expressed with alx! or pks2 from the time of their
first expression forward. Fig. 5A shows the comparison with
signature genes from the NSM, the neighboring cells to the PMCs,
while Fig. S5 shows additional comparisons between genes of each
germ layer with the others. We expected to see a small amount of
artifactual co-expression due to inclusion of multiplets (two or more
cells artifactually sequenced as a single cell). The likelihood of
obtaining multiplets was minimized by following the 10X protocol
and by computationally filtering the database (see Materials and
Methods); the data indicated that even potential multiplets were not
detected in the alx! or pks2 versus NSM signature genes. Thus,
according to this criterion, micromeres definitively separate from
other lineages at 4th and 5th cleavages. However, specification of the
micromeres toward their differentiated PMC repertoire of molecules
is uneven between progenitors (the gray versus red cells along the
trajectory). Nevertheless, the signature gene test confirms that this
lineage diversifies synchronously and completely from other
lineages.

Endomesoderm segregation is asynchronous

The transcriptomes of cells in Fig. 3D report the trajectory toward
endomesoderm segregation (Fig. 3D) and provide a different
outcome. Signature genes of each cell type tested the hypothesis that
the intermediate cells between the endoderm and mesoderm vertices
(Fig. 3D) expressed dGRN genes of both the endoderm and NSM
fates. If so, any of these cells might be capable of being directed
toward either fate, as shown earlier in experiments on
endomesoderm (Sherwood and McClay, 1999; Oliveri et al.,
2006; Croce and McClay, 2010; Peter and Davidson, 2011; Sethi
et al., 2012). The cells sampled from the mesoderm-endoderm side
of the barycentric coordinate were, in fact, intermediate. In Fig. 4,
bottom, most cells in the zone between endoderm and NSM are
colored blue-green, green, yellow-green or yellow, indicating that

both signatures were present (pure yellow indicated a 1:1 ratio of
signature genes expressed in a cell). Thus, in separation of
endomesoderm into mesoderm and endoderm, some cells proceed
early toward a distinct fate (orange or yellow colored cells are those
with >50% probability of becoming mesoderm or endoderm), but
other cells continue to express transcription factors of both fates for
an extended time. The number of intermediate cells declined
considerably after 12 hpf, and by 20 hpf all cells had arrived at
either the endoderm or mesoderm vertex.

To have confidence in the observation that the ‘intermediate’
class of cells existed, we ruled out several possible artifacts. First,
the initial culture was carefully monitored so that embryos were
phenotypically identical at each time point (i.e. there were no
embryos developing with a significant delay). Second, multiplets
were minimized as above (and see Materials and Methods). Third,
the position of each cell in the triangle is based on algorithms that
evaluate expression of all genes expressed by a cell according to the
optimal transport method described above. The color of each cell in
Fig. 4, bottom, however, is based only on the expression of signature
genes from dGRN models. Fourth, as shown in the animated
sequence of Movie 1, all cells end up at one of the points of the
triangles or tetrahedrons by 20 and 24 h. Nevertheless, we randomly
sampled individual cells at different positions along the ‘wave’ of
intermediate cells, or along the sides of the triangle sides to
determine which genes of the two signatures were present. Fig. 4,
bottom, shows that six of the seven sampled cells in the intermediate
zone between endoderm and NSM express signature genes of both
dGRN:S. Cells closer to one of the two vertices tended to express a
larger number of signature genes of that nearby vertex. One cell, the
cell closest to the mesoderm vertex, expressed only mesoderm
signature genes. This observation illustrates that many cells of the
mesoderm and endomesoderm spend extended time in an
intermediate specification state before they finally diverge to one
or the other fate. That decision likely occurs not as a consequence of
a single event, as seen with skeletogenic cells, which were next to
the PMC edge of the triangle by 5-6 hpf, but as a consequence of
multiple inputs over time.

We next applied the pairwise signature gene comparison to
endomesoderm to determine the percentage of cells that are
intermediate (i.e. still endomesoderm) versus those cells that
express exclusively one signature gene of either endoderm or
mesoderm. This comparison reports trends rather than absolute
numbers because the shallow depth of sequencing in scRNA-seq
detects an incomplete cohort of genes expressed by each cell.
Fig. 5B shows the outcome of that comparison. Several endoderm
genes were tested and two were of particular interest. hox11/13b is
known to be expressed early in the endomesoderm and later in
definitive endoderm cells (Peter and Davidson, 2010). FoxA
expression also begins in Veg2 endomesoderm cells, later than
hox11/13b, and beginning at about 8th cleavage (8 hpf), is found
increasingly in endoderm cells only. FoxA is also expressed in the
stomodaeum, beginning at about 10 hpf (Oliveri et al., 2006). gcm,
six1/2 and ese are expressed in endomesoderm and later in NSM,
but not in endoderm (Ransick et al., 2002; Rizzo et al., 2006; Luo
and Su, 2012; Materna and Davidson, 2012). Fig. 5B shows the
percentage of cells of the endomesoderm, endoderm and mesoderm
lineages over time using these signature genes. A number of cells
remain as endomesoderm until gastrulation (12 hpf), whereas sister
cells diverge to express exclusively endoderm or mesoderm markers
over that same time period beginning at 8 hpf. After 12 hpf, the
number of intermediate cells is small. These data indicate that
endomesoderm divergence toward endoderm and mesoderm is
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Fig. 5. A comparison of pairs of signature genes expressed by cells over time with incidence of co-expression of two signature genes recorded. Blue
lines show the percentage of all cells expressing a single selected signature gene as a lineage marker over time. Each graph reports expression of two such
signature genes. The red line shows the percentage of all cells expressing both selected signature genes at those time points. If gene A is expressed in 30% of the
cells on its own and co-expressed with the gene B in 20% of the cells, its total expression is detected in 50% of all cells at that time point. (A) alx1 expression (PMC
lineage) is not co-expressed with signature genes of NSM (gcm, six1/2 and ese) at any time. (B) hox11/13b, a signature gene of endomesoderm and endoderm, is
co-expressed with a population of NSM signature genes (gcm, six1/2 and ese) for an extended period of time in the endomesoderm state before the co-expression
is lost as cells become definitive endoderm and mesoderm. (C) bra, an endoderm signature gene that is activated only in definitive endoderm, is co-expressed
with hox11/13b in some cells, beginning at 8 hpf. By 9 hpf, most bra-expressing cells also express hox11/13b. (D) hox11/13b is co-expressed at early stages in
some cells with ectodermal signatures nodal, lefty, univin and chordin between 5 and 9-10 hpf.
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asynchronous and extends from hatched blastula to the early
gastrula stage.

While Fig. 5B provides evidence for the extended and
asynchronous endomesoderm segregation, it does not provide a
useful impression of when cells arrive at the definitive endoderm
state. bra is expressed exclusively in the endoderm in the sea urchin
(Gross and McClay, 2001; Croce et al., 2001). Thus, cells
expressing bra in addition to hox11/13b are likely to be definitive
endoderm cells. As shown in Fig. 5C at 7-8 hpf (8th cleavage-
hatched blastula), most bra-expressing cells co-express hox11/13b,
indicating that a number of the hox11/13b cells become definitive
endoderm by that time (controls showed that bra is never co-
expressed with NSM markers above background). Additional genes
are compared in Fig. S5.

Fig. 5D examines ectoderm signature gene expression relative to
other germ layers. nodal, lefty, univin, chordin and gsc are expressed
early in ectoderm specification (Stenzel et al., 1994; Duboc et al.,
2004, 2008, 2010; Bradham et al., 2009; Range and Lepage, 2011).
Expression of these genes was compared with mesoderm, endoderm
and PMC signature genes to determine whether co-expression ever
occurs. As expected, ectoderm signature genes were never co-
expressed with alx/. In addition, none of the ectoderm signature
genes were co-expressed with gem, indicating that mesoderm and
ectoderm specification occur entirely independently. Surprisingly,
when we examined co-expression of kox11/13b with the ectoderm
signature genes, a number of cells co-express both the ectoderm and
the endoderm gene between the fifth and ninth cleavage. Previous
lineage analyses showed that Vegl cells normally produce both
endoderm and ectoderm, with a variable number of ectoderm cells
arising from this vegetal tier depending on the position of the third
cleavage (Henry et al., 1989; Logan and McClay, 1997, 1999). Based
on the co-expression analysis, and the assumption that sox11/13b
expression is restricted to blastomeres below the embryonic equator,
the earliest expression of nodal, lefty, chordin, bmp2/4 and chordin,
must also be in at least some Vegl tier cells. This co-expression is lost
by mesenchyme blastula (12 hpf), and earlier experiments examining
the Wnt pathway show the progressive restriction of lineages along
the A-P axis (Range et al., 2013). Presumably, that restriction
confines expression of the ectoderm signature genes to definitive
ectoderm, which includes some cells of the Vegl lineage. Additional
comparisons are shown in Fig. S5, which show that ectoderm
signature genes are not co-expressed with NSM or PMCs at any time.

Matching cell diversification to developmental GRNs

We next asked whether the Waddington-OT platform would
identify populations of cells that correlate with the dGRN states
established experimentally. If that were the case, cells in
specification space should reflect the dGRN progression. This
prediction was tested by examining collections of cells that had
diverted toward their final fate by a defined probability. Fig. 6 shows
two populations, predicted to become skeletogenic cells (red in
Fig. 6A) or endoderm cells (yellow in Fig. 6B), both with 50%
probability, or better, at 6 hpf or 9 hpf, respectively. The gray cells
in each triangle of Fig. 6A,B are all ‘other’ cells that are not
projected (at the >50% level) to become PMCs or endoderm,
respectively, although some of those cells may have surpassed the
50% threshold for an alternative fate. The ratios of gene expressed in
red (pre-PMC) versus gray cells, and in yellow (pre-endoderm)
versus gray cells provided lists of the 200 genes with the highest
differential expression for each lineage. This divided the
transcriptome of each cell into two classes: a highly differentially
expressed class and the remaining genes. Genes ubiquitously

expressed, or expressed at a high level in cells of another lineage,
were not expected to appear in the top 200 for a given lineage.

Fig. 6C,D show BioTapestry (Longabaugh et al., 2009) dGRN
models of skeletogenic cells and endoderm cells at the same times as
shown on the Triangle and UMAP plots. The highly differentially
expressed genes in Fig. 6C and D are colored red, the other genes in
the transcriptomes are colored blue, and genes not included in the
transcriptomes at that time are colored gray. The data shows that 71%
and 73% of the transcription factors (modeled at the 6 hpfand 9 hpf
times, respectively) are in the highly differentially expressed class for
each of the two cell types. The blue gene class includes genes known
to be broadly expressed (B-catenin, TCF and Otxa), or also expressed
at a high level in another tissue at that time (Blimp1, eve). The gray
gene class includes genes known to be either repressed and therefore
not expressed at the time points examined, or not yet activated at that
time point. Thus, at the time points sampled, cells predicted by
Waddington-OT to be cells destined toward a germ layer fate,
matched known dGRN states at the given time points. As the
differentially expressed lists include many genes with unidentified
function, along with the validated dGRN genes, the dataset provides
an excellent list of candidate genes for future study.

DISCUSSION

Here, we have learned that a high-quality scRNA-seq analysis
detects almost all of the known transcription factors in a well-
established dGRN. The 50,935 cells from 18 densely spaced time
points provided an atlas of sea urchin development, and
Waddington-OT provided a means of tracing lineage trajectories
and divergences. It showed both rapid and protracted patterns of cell
diversification. Methods were developed to follow cell fate
probabilities based on the optimal transport methods. We found
that 99% of the genes in the known dGRN are detected, readily
quantifiable, spatiotemporally accurate and in agreement with the
progression of dGRN models. The database was then explored to
assess a number of properties of the lineages.

A number of examples exist in nature where a single molecular
event directs a lineage divergence (Niisslein-Volhard and Wieschaus,
1980; Driever and Niisslein-Volhard, 1988; Kemphues et al., 1988;
Guo and Kemphues, 1995; Nishida and Sawada, 2001). The
skeletogenic cell divergence in the sea urchin embryo is one such
example (Oliveri et al., 2002, 2003; Revilla-i-Domingo et al., 2007),
and the analysis here supports that early synchronous diversification.
We were curious about the other mode of divergence seen in this
study, an asynchronous and an apparently delayed movement toward
a final fate between the endoderm and mesoderm. Endomesoderm
cells express dGRN signature genes of both endoderm and mesoderm
fates for an extended time in specification space. This is in spite of the
fact that the transcriptional state of these cells moves very far from the
ancestral state over time, as seen by the progress across the triangles
that represent specification space (Figs 3, 4), and yet the continuing
expression of signature genes of two different fates suggests that some
cells retain an intermediate state of specification for an extended
period of time, whereas other cells express signature genes of only a
single lineage, indicating that the endomesoderm divergence is
asynchronous and extended. We also discovered that between fifth
and ninth cleavage (early blastula to mesenchyme blastula), some
cells co-express an endoderm signature gene along with cells
expressing ectoderm signatures. This protracted movement of cells
toward a final fate could be quite valuable for an embryo, e.g. by
remaining conditional to assure correct proportional distribution of
cells to tissues. Whether this is actually the case will require further
study.

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.198614
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.198614

RESEARCH ARTICLE

Development (2021) 148, dev198614. doi:10.1242/dev.198614

A Ecto B Endo
/ PMC Ecto
S
Other Other
C D
5 Mat B-catent
Mat OtXbCatcmnﬁ m
] — !
Tef | chﬁ) H W Tef !
(J? [ | - § 1 Otxa l e oo
| —
\ ‘ I M =|ll - Fert. | L ’ e
INb-Tef] Mat Tel Mat Etsl enm »
_l_[’_'_l [ ‘ ‘ Hox11/13b l [r
|Pmar1 HesC| AL == WntlG gt \ l r
F Wnt83 gr '—Idi'ii =] 6hr Wg '\_r_Eve
Delta |’ FoxA Hox11/13b
Erg FoxN2/3 P [ —
—_— == ] Bra lu =
Hhn! b
i ] Ull— 1, ] . o
Dri = 6 Hr Krl Gatae | Endol6
Snail Twist [ Mye
Hex Tgif
‘ 0 Hr Teif LE1
|
FoxB

Fig. 6. The predictive value of Waddington-OT plots relative to published dGRNs. (A) Future PMCs at 6 hpf. The cells in red have >50% probability of
becoming PMCs, while those in gray have either not reached that level of probability or are specified towards other fates. Those cells also are shown on the UMAP
plot. (B) Future endoderm seen at 9 hpfin yellow (>50% probability). All other cells are shown in gray. (C,D) dGRNs of PMCs (C) and endoderm (D) with the boxed
areas showing genes expressed at 6 hpfand 9 hpf, respectively. Genes in red are highly differentially expressed in the top 200 list of genes when the genes in the
red versus gray (or yellow versus gray) cells are compared. 73% of the genes in the PMC dGRN are in the highly differentially expressed list; 71% of the endoderm
genes are in the top 200 gene list for endoderm. The remaining genes (27% and 29%) in blue are present in the PMC and endoderm gene lists, but not in the top
200 differentially expressed genes because either they are ubiquitously expressed or expressed in another cell type at that time. Genes in the dGRNs colored gray
are not represented in the 6 hpf PMC or 9 hpf endoderm gene lists because those genes are either repressed or not yet expressed by the cells.

The published sea urchin dGRN was experimentally established in
detail in Sp, with contributions from Lv and P/, and most connections
established in one of the three species were found to be identical in the
others. Given that background, our analyses assessed the ability of
scRNA-seq to reflect the spatiotemporal expression of the genes within
the dGRN. At the time points examined in detail, 72% of the genes
depicted in dGRN models were included in the top 200 highly
differentially expressed genes of a lineage sampled at that time. The
remaining 28% of the genes in the dGRN states sampled were also
present in the single cell transcriptomes but not in the differentially
expressed group. Those genes are known to be expressed ubiquitously,
or expressed strongly in other lineages, thereby excluding them from
the highly differentially expressed genes. We conclude that the optimal
transport approach offers an efficient way to identify candidate
transcription factors and effectors for a given cell lineage prior to
carrying out perturbation studies. Among the many potential uses of
scRNA-seq, the lineage trajectories and diversifications offer glimpses
of candidate genes for participation in those cell lineage separations.

MATERIALS AND METHODS
Embryo spawning and culture
Six female urchins were spawned by injecting 1ml 0.5M KCI
intracoelomically. Unfertilized eggs were allowed to settle and

washed three times in artificial sea water (ASW). Eggs were then
resuspended and fertilized by sperm from a single male in 0.03 g PABA/
100 ml ASW. Following fertilization, eggs were washed three additional
times in ASW to remove residual PABA. The fertilized embryos were then
combined and co-cultured together at 22-23°C while gently being stirred
using a motorized stir rod. Embryos were then sampled at various time points
to be dissociated and fixed for scRNA-seq. At each stage, the embryos
collected were very similar in stage to each other, an important consideration
for temporally following development of the cells in this study.

Embryo dissociation and fixation

At each time point, approximately 10° embryos were dissociated to
single cells and then fixed, using a published protocol we adapted
(McClay, 1986; Juliano et al., 2014; Alles et al., 2017; Chen et al.,
2018; Massri et al., 2021). The Chen protocol found both live and fixed
cells to be similar in RNA integrity (RIN) so that fixation protocol was
followed closely (Chen et al., 2018). For the dissociation, embryos
were washed twice in calcium-free artificial seawater (CFASW) then
resuspended in dissociation buffer [1.0 M glycine and 0.25 mM EDTA
(pH 8.0)] at 4°C and gently rocked for 10 min. The embryos were
then dissociated by gentle trituration. Following dissociation, cells
were resuspended in CFASW, and fixed at a final concentration of 80%
methanol in CFASW for 1 h, at 4°C. Following fixation, cells were stored
at —20°C and all cell libraries were processed within 1 month of
dissociation.
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Rehydration of methanol-fixed single cells for library preparation
and sequencing

Cells were centrifuged at 50 g, the supernatant was discarded, and 3 ml
3xSSC was added to the cell pellet, then the wash step was repeated.
20xSSC was purchased from Sigma (SKU SRE0068) and diluted with
DNAse/RNAse free water to 3x. Single cell libraries for each time point
were prepared using the 10x Genomics 3’ v3 gene expression kit and the 10x
Chromium platform to encapsulate single cells within droplets. Library
quality was verified using the Agilent 2100 Bioanalyzer. Libraries were
pooled and Duke Genomics and Computational Biology Core facility
sequenced samples across two NovaSeq6000 S1 flow cells with
28x8%91 bp sequencing performed. Samples were sequenced at >50,000
reads/cell to ensure read depth and coverage (Haque et al., 2017; Svensson
et al., 2017; Ziegenhain et al., 2017).

Computational analysis

Data download, FastQ file generation, genome indexing, genome mapping
and counting, and production of raw csv count files

Following sequencing, we used Cellranger 3.1.0 to convert I[llumina-
generated BCL files to fastq files using the Cellranger ‘mkfastq’ command.
We then applied the ‘mkref” command to index the most recent Lv3.0
Genome (Davidson et al., 2020). We then used the ‘count’ command to
demultiplex and count reads mapping to the reference Lv genome. The
‘mat2csv’ command was used to obtain csv RNA count matrix files for each
sample for further downstream analysis. In addition, we used the command
‘aggr’ on all samples to generate an automated 10x Cloupe browser that is
easily accessible, and requires no coding experience to use.

Filtering and normalization

All csv RNA count matrix files were uploaded to R and a seurat object was
generated for each sample. All seurat objects were then merged to undergo
uniform quality control, normalization and data exploration with all 19
samples. The merged object was then filtered to remove low-quality cells
with nFeature RNA>200, nFeature. RNA<7500 and percent.mt<S.
SCTransform was then applied to the merged filtered object to perform
normalization and removal of technical variation, while preserving
biological variation. The data were then scaled, and variable features
among the cells were found.

Dimensionality reduction, visualization and clustering

We obtained a matrix of raw gene expression counts for each sample, which
was normalized using SCTransform, a regularized negative binomial
regression method that stabilizes variance across samples (Hafemeister and
Satija, 2019), then visualized using UMAP (Uniform Manifold
Approximation and Projection, Becht et al., 2018). UMAP was applied to
multi-dimensional scRNA-seq data to visualize the cells in a two-
dimensional space. Finally, clustering was performed using graph-based
Louvain Clustering with resolution, res=2.4, resulting in 63 clusters. The 63
clusters were annotated using dGRN genes and published in situ
hybridization patterns as markers (Fig. SIC-E).

Inferring developmental trajectories with Waddington-OT

We next applied Waddington-OT to infer developmental trajectories. As
input, we used the SCTransform normalized expression matrix together with
expansion rates estimated from expected changes in proportion of lineages
over time (Fig. S2). Cell division rates were estimated by knowledge of
lineages based on the expected number of cells of each lineage at key
developmental time points (Table S1). Stereotypic cell divisions were
assumed to be uniform between estimates of expected number of cells.
Table S1 reports the approximate number of cells of each lineage at each
hour although divisions occur asynchronously after the sixth cleavage so the
nearest hour was chosen for each number given. Two additional cell division
rates were fitted based on two cell cycle scores using a sigmoid function to
smoothly fit cell division rates between the minimum and maximum
expected at that time point. Validation values were very similar between the
two cell division rates fitted on the cell cycle scores and the cell division rate
based on expectation alone. For simplicity, the lineage expectation-based

cell division rate was used throughout the analysis. Transport maps were
calculated using the cell division rates described above, the optimization
parameters €=0.05, A1=1 and A2=50, and a single iteration of growth rate
learning.

Validating trajectories with geodesic interpolation

The transport results were tested and validated by demonstrating that we can
interpolate the distribution of cells at held-out time points (Fig. S4A). For
each triplet of consecutive time points (e.g. 5,6,7 or 6,7,8 etc.), we held out
the data from the middle time point and attempted to reconstruct it by
connecting the first to the third. We then quantified our performance by
comparing to the held-out midpoint. The blue curve shows the results from
optimal transport, which is lower than various null models (yellow, orange,
green and purple). The null models are: ‘Random’ (orange) — we randomly
connect cells to descendants; ‘Random with cell divisions’ (yellow) — we
randomly connect cells to descendants, incorporating the same estimate of
cell division rate as for OT; ‘First’ (green) — we use the first time point in the
triplet to estimate the second element of the triplet; ‘Last’ (purple) — we use
the third element of the triplet to estimate the second element.

In order to test the stability of our results, we varied parameters of optimal
transport over an order of magnitude in each direction (see Fig. S4B-D).
Additionally, we repeated the analysis on datasets with downsampled cells
and reads as low as 10% of cells and 500 UMI per cell, respectively.
Downsampling cells, we found, using Waddington-OT, outperformed null
methods for all proportions and saw only a gradual increase in validation
values (Fig. S4E). When downsampling reads, we found Waddington-OT
outperformed null methods as low as 500 UMI (Fig. S4F).

Visualizing divergence of fates with barycentric coordinates

In order to visualize the divergence of fates, we developed a simple way to
visualize fate probabilities for triples (or quadruples) of lineages in a
triangular (or tetrahedral) plot. The visualization employs barycentric
coordinates to represent k-dimensional probability vectors in k-1
dimensional space. We identify a corner of the triangle for each of these
possible fates, and position the cells according to their relative probabilities
as follows. Let a, b, ¢ denote the vertices of the triangle in R? and let p=(p;,
P2, p3) denote the probability vector we wish to visualize. The components
of p are used as coefficients in a convex combination of the vertices. In other
words, the probability vector p is mapped to pa+p,b+psc€R?. Note that
p1tpatps=1, so each probability vector is mapped to a point inside the
triangle.

Cells perfectly fated to obtain a single fate are positioned exactly at the
corresponding vertex, while cells with indeterminate fates are positioned in
the interior of the triangle. The very center of the triangle corresponds to
cells that are equally likely to choose any of the three fates, and cells along
an edge have zero chance of reaching the opposite vertex. Fig. 3 illustrates
examples of how selected pairs of lineages diverge in Lv over time. Movie 1
shows a tetrahedron visualization of the divergence of four fates
simultaneously.

Visualizing gene regulatory networks

We visualized GRNs on the triangle plots and the UMAP plots using GRN
score ratios. The illustration aimed to show how intermediate cells tend to
express networks from both possible fates in nearly equal proportions. The
GRN score was defined as the fraction of genes from a GRN that are
expressed in a cell. Each cell was given two of these scores, each
corresponding to a GRN of interest. To compare the expression of one
regulatory network with the other, we defined a GRN score ratio as
min(GRN 1 score/GRN 2score, GRN 2 score/GRN 1 score). The ratio
produces values between 0 and 1. A value of 0 means only one of the
networks is expressed in the cell. Meanwhile, a value of 1 means both
networks are expressed in equal proportion. Fig. 4 shows cells colored by
this ratio.

Visualizing signature gene expression of pairs of genes over time

Each of the 50,935 transcriptomes was screened for expression of a signature
gene to determine the percent of all cells that express that gene. Cells that co-
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express two signature genes were also quantified. A simple graphic tool was
produced that allows any two genes to be screened in this way.
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